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A slice of the Universe

Rotation Curves of Galaxies

We Are 
Here

(QCD, EM, 	


SM, etc.) 

??????

How do we know DM is there?

New

Physics!!

Gravitational Lensing 

Cosmic Microwave Background



Three Primary Properties 
of dark matter

-  Explains why dark matter has survived to today 
➡  Implies a new symmetry and/or charge 

-  Explains why there is no visible evidence 
➡ Implies lightest stable particle is chargeless

Dark Matter Candidate should:

1. Be Long Lived

2. Be EW Charge 	


Neutral

3.  Explain Observed	


Relic Density

⇢D ⇠ 0.25 ⇢c



Thermal Relic
Dark Matter 	


Annihilates

How much do we 
see today?

One approach to DM theories:

Choose DM Mass	


Choose DM Interactions 

“WIMP Miracle”

Assume Interactions 	


at/near EW Scale

MD ⇠ TeV

⇢D ⇠ 0.25 ⇢c
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An Asymmetric alternative?
Observe a different relation:

⇢D ⇠ 5⇢B

MDnD ⇠ 5MBnB

S.Nussinov (1985) R.S.Chivukula, T.P.Walker (1990)S.M. Barr, R.S.Chivukula, E. Farhi (1990) D.B.Kaplan (1992)
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Asymmetry

An Asymmetric alternative?
Observe a different relation:

⇢D ⇠ 5⇢B

If DM density is thermal:

MDnD ⇠ 5MBnB

Unjustified Accident

Natural if DM density is also tied to asymmetry
nD ⇠ nB MD ⇠ 5 GeV

MD � MB nB � nD ⇠ e�MD/Tsph

Sphaleron 
connection

Direct or Indirect 
coupling to EW

S.Nussinov (1985) R.S.Chivukula, T.P.Walker (1990)S.M. Barr, R.S.Chivukula, E. Farhi (1990) D.B.Kaplan (1992)



Why Strong coupling?

Studying strongly-coupled composite systems critical 
to fully understand landscape of DM theories

...this is where the lattice can play significant role!

Thermal Large DM 
Mass

Strong 
Coupling

Asymmetric
Small 

Thermal 
Abundance

Large 
Annihilation 

Rate
Strong 

Coupling

M. Buckley, E. Neil (2012)



Three Primary Properties 
of dark matter

➡ Implies lightest stable particle is chargeless

Dark Matter Candidate should:

1. Be Long Lived

2. Be EW Charge 	


Neutral

3.  Explain observed	


relic density

➡  Implies a new symmetry and/or charge 
Example: Baryons - Baryon Number

Mesons - G-parity Y.Bai, R.J.Hill (2010)

Example: Can form neutral baryons

➡Asymmetry require charge couplings
Example: Charged Constituents



long term objective

We Want:

★ Study classes of models with minimal SM interaction strength

ULTIMATE GOAL:	


To place a lower bound on nuclear cross-sections of 

composite DM with charged constituents 

★ Bound general classes of composite DM from first principles

★ Explore Higgs exchange and EM moments for direct detection

Polarizabilities
Final Goal:
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Before asking any other question, how 
strong are direct detection bounds?

Our Focus: Direct Detection
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LUX: PRL 112.091303 Onwards and downwardsExperimental DM Frontier



Baryon Flavor Symmetry

★ Flavor Non-symmetric
Example:       (3-color neutron ala QCD)

u d

d

★ Flavor Symmetric

Qu = Qd

or
Qu 6= Qd

u d

d u

Qu = �Qd

Example:       (4-color neutron)

only



How we might see it?

Magnetic 
Moment

Charge 
Radius Polarizability

⇥�µ�⇥Fµ�

Dim-5

(��)vµ⇥�F
µ�

(��)Fµ�F
µ�

Dim-6 Dim-7

Odd Nc 	


No baryon flavor sym.    

Odd Nc 	


Baryon flavor sym.  

Even Nc 	


No Baryon flavor sym.   

Even Nc 	


Baryon flavor sym.  



Focus of Previous work

Direct detection exclusions for odd number of colors

Explore:

✤  3-colors

✤  2 and 6 light flavors 

Explores a range of confining theories for odd Nc theory

✤  Multiple degenerate masses



Exclusion Plots

Dashed horizontal line - Xenon100	


PRD 88 014502 (2013)
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LEP Bound 
on charged 
particles:	



M > 88 GeV



Focus of recent work

Direct detection exclusions for even number of colors

Explore:

✤  4-colors

✤  Baryon spectra and sigma term 

Allows for cross-section bounds from Higgs exchange

✤  Multiple degenerate masses (quenched)



4-color baryons
Bosonic baryons

Spin-2:

One Flavor: U

i 6= j

Two Flavors: U D

Spin-2: i 6= j

Spin-1:

Spin-0:

ONF=1
B,S2 = (UTC�iU)(UTC�jU)

ONF=2
B,S2 = (UTC�iU)(UTC�jU)

ONF=2
B,S1 = (UTC�iU)(UTC�5D)

ONF=2
B,S1 = (UTC�5D)(UTC�5D)



Higgs Exchange
Higgs-nucleon cross-section:

�0(B,n) =
µ(mB ,mn)2
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(Perturbative)
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Robust lattice results
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Calculation Details
28 quenched Ensembles:

- Two # colors

Nc �  N3
s ⇥Nt # Meas.

4 11.028 0.1554 163 ⇥ 32 4878
323 ⇥ 64 1126

0.15625 163 ⇥ 32 4765
323 ⇥ 64 1146
483 ⇥ 96 1091

0.1572 323 ⇥ 64 1075
11.5 0.1515 163 ⇥ 32 2975

323 ⇥ 64 1057
0.1520 163 ⇥ 32 2872

323 ⇥ 64 1052
0.1523 163 ⇥ 32 2976

323 ⇥ 64 914
483 ⇥ 96 637
643 ⇥ 128 489

0.1524 163 ⇥ 32 2970
323 ⇥ 64 863

0.1527 323 ⇥ 64 1011
12.0 0.1475 323 ⇥ 64 1125

0.1480 323 ⇥ 64 1189
0.1486 323 ⇥ 64 1055
0.1491 163 ⇥ 32 411
0.1491 323 ⇥ 64 1050
0.1491 483 ⇥ 96 1150
0.1491 643 ⇥ 128 928
0.1495 323 ⇥ 64 1043
0.1496 323 ⇥ 64 1009

3 6.0175 0.1537 323 ⇥ 64 1000
0.1547 323 ⇥ 64 1000

Table 1: Ensembles and number of measurements.

- Four lattice volumes
- Three lattice spacings
- 3-6 fermion masses
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- 3-6 fermion masses

Summary of Lattice Details:

1.  Volume systematic within 
statistical errors
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2.  Discretization systematic 
within statistical errors



Calculation Details
28 quenched Ensembles:

- Two # colors

Nc �  N3
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1.  Volume systematic within 
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2.  Discretization systematic 
within statistical errors

3.  Three points to extract slope 
(more would be preferred)
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Scale Setting
How do we define lattice spacing in physical units?

Lattice QCD: Hadron Masses, HQ potentials, etc.

Technicolor: “Higgs” vev

aM⌦ = # a ⇡ #

1670 MeV

af�
mf!0�! # a ⇡ #

246 GeV

Dark Matter: Dark Matter Mass

aMB = # a ⇡ #

MB

(Example)
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sigma term & Higgs bound
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FIG. 5. The spin-independent dark matter direct detection
scattering cross section per nucleon through Higgs exchange is
shown. The solid blue curve is the upper bound set by LUX
[9]. The three plots correspond to three di↵erent fermion
masses: mPS/mV ' 0.77 (top), mPS/mV ' 0.70 (middle),
and mPS/mV ' 0.55 (bottom). Each thin line represents
the spin-independent scattering cross section predicted for
a particular e↵ective Higgs coupling, given by ↵ [defined in
Eq. (22)]. The dark shaded region has pseudoscalar mesons
with masses below 100 GeV, which we anticipate are excluded
by LEP II bounds. Notice that the corresponding bound on
the baryon mass (slightly) increases as mPS/mV is lowered,
from top to bottom.

ward to extract via the Feynman-Hellmann theorem,

�f = mf hB|f̄f |Bi = mf
@mB

@mf
, (20)

where amB and amf are dimensionless numbers for the
baryon mass and fermion mass extracted from the lat-
tice calculation, and a is the dimensionful lattice spac-
ing, whose inverse represents the UV cuto↵ of the theory.
In lattice simulations, mf is the standard (renormalized)
fermion mass in the mass-diagonalized basis, which is de-
fined in the Wilson fermion action used here in terms of
the lattice input ,

amf =
1

2

✓
1


� 1

c

◆
, (21)

where c is the critical value where the fermion mass van-
ishes. Unlike the Higgs coupling to the nucleons in QCD,
the e↵ective coupling of the Higgs to the dark baryons is
parameterized by

↵ ⌘ v

mf

@mf (h)

@ h

����
h=v

. (22)

For a given ↵ and mPS/mV , we can calculate the spin-
independent scattering cross section o↵ nucleons and
compare directly to bounds from dark matter direct de-
tection experiments. In principle, there is an ↵ for
each fermion f . However, since we assumed degener-
ate fermions in the quenched approximation, the lightest
baryon is made of identical mass fermions with the iden-
tical Higgs coupling, and so no flavor label is necessary.
To illustrate how the constraints on ↵ impact the

model-dependent fermion-Higgs couplings, we can pa-
rameterize the Higgs field-dependent mass as,

mf (h) = m+
yhp
2
, (23)

that, for example, would arise from a model with
both vector-like masses as well as electroweak symmetry
breaking masses for the constituent fermions [79]. The
expression for ↵, Eq. (22), is then

↵ =
yvp

2m+ yv
 1 . (24)

In the limit that y ! 0, the fermion masses become
purely vector-like, corresponding to ↵ = 0; no bound can
be placed on these models from Higgs exchange. On the
other hand, if m ! 0 at fixed y, then the fermion masses
are purely from electroweak symmetry breaking, and the
e↵ective Higgs coupling is maximized, ↵ = 1. For a fixed
mB , the resulting bounds from direct-detection experi-
ments are therefore quite strong.
The fact that the baryon mass is roughly linear in

the fermion mass is universally observed in lattice QCD
data [80]. This trend helps us calculate �f without
many fermion mass values. In other words, @mB/@mf

is roughly constant. We have extracted @mB/@mf from
our lattice data,

0.153 <⇠
X

f

f (B)
f ⌘ mf

mB

@mB

@mf

<⇠ 0.338, (25)
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FIG. 6. The maximum allowed e↵ective Higgs coupling, ↵
[defined in Eq. (22)] to the dark baryon is shown. The
green (upper three) contours correspond to mPS/mV ' 0.55
(top, solid), mPS/mV ' 0.70 (upper middle, dashed), and
mPS/mV ' 0.77 (lower middle, dot-dashed), obtained by
finding the largest ↵ allowed by the LUX bounds as a func-
tion of the dark matter mass for the three values of mPS/mV

simulated on the lattice in this paper. The red (lower dotted)
line is the maximum ↵ in heavy fermion limit, mPS/mV = 1.
The dark shaded region has pseudoscalar mesons with masses
below 100 GeV, which we anticipate are excluded by LEP II
bounds.

for

0.55 <⇠
mPS

mV

<⇠ 0.77 . (26)

We emphasize that the sum over valance fermions is im-
plicitly done in our lattice extraction of �f/mB , and thusP

f f
(B)
f  1. The values for the coarsest lattice spac-

ing/largest volume calculations (which have the least lat-
tice artifacts as detailed in subsequent sections) are given
in Table I.

Using the lattice results for the baryon masses and
�f , we employ Eq. (1) and the definitions in Eq. (8) to
calculate the spin-independent Higgs-mediated cross sec-
tion o↵ nucleons for several values of ↵ in the standard
(mB ,�0) plane. These results are shown in Fig. 5. Addi-
tionally, the strongest limit to date from LUX [9] is also
displayed. In addition to the LUX exclusions, we also
show the lower bound on mB resulting from requiring the
lightest pseudoscalar meson satisfy the anticipated LEP
II bound of mPS > 100 GeV. The corresponding bound
on mB is obtained using our lattice result for the ratio
mB/mPS , given in Table III. These excluded regions are
depicted by the dark, shaded region in Fig. 5.

These results, when combined with the LUX exclusion
curves, allow for an extraction of the maximum allowed
↵ values as a function of dark matter mass and are pre-
sented in Fig. 6. The shape of the maximum ↵ curve
can be understood in the large mB limit: The cross sec-
tion �0, Eq. (2), scales parametrically as ↵2m2

B while the
LUX bound on �0 is weakening proportional tomB . This
implies that the maximum ↵ decreases roughly propor-
tional to 1/

p
mB . The plots are robust for any composite

SU(4) model with the particular fermion mass range cor-
responding to Eq. (26). Any such model with ↵ above
the green curves would be excluded for this class of theo-
ries. Also, depicted on this figure is the result one would
expect from the heavy fermion limit, where the fermion
mass is much larger than the confinement scale.

A. Qualitative expectations at low fermion mass

One limit not depicted in Fig. 5 or Fig. 6 is
mPS/mV ! 0. In this case, the sigma term should ap-
proach a constant (which can only be extracted with very
low mass lattice simulations not explored in the work),
but the allowed values will be greatly restricted by the
bounds on the lightest mesons, since mB/mPS ! 1 in
this limit. What this would imply for Fig. 5 is that each
of the thin lines would move to smaller cross-sections as
the fermion mass decreases (thus less excluded) at a per-
petually slower rate, while the shaded excluded region
would push to the right with a rapidly increasing rate.
For Fig. 6, the top green curve would move upward at
a slower rate (thus allowing a higher allowed values of
↵), while the shaded excluded section would push more
and more to the right. To answer this question quan-
titatively, additional fully-dynamical lattice calculations
would need to be performed at smaller mass. However,
we do expect an “ultimate” bound for each dark matter
mass from the combination of the sigma parameter and
LEP bound. In future lattice calculations, we hope to
address this region.

VI. SIMULATION DETAILS

The 4-color calculations were performed on quenched
lattices (10,000 trajectories each; configurations sepa-
rated every 50 trajectories with thermalization cuts of
500 heatbath trajectories) at three di↵erent lattice spac-
ings (� = 11.028, 11.5, 12.0) at four di↵erent volumes
(163 ⇥ 32, 323 ⇥ 64, 483 ⇥ 96, 643 ⇥ 128). Autocor-
relations were found to be smaller than statistical er-
rors when measurements were taken every 50 trajecto-
ries. The 3-color quenched calculations were performed
on � = 6.0175, 323 ⇥ 64 lattices to compare three and
four colors using the scale matching in Ref. [67]. All heat
bath gauge generation (Wilson gauge action) and inver-
sions were performed using Chroma [81]. For 4-colors,
three fermion mass values were explored for � = 11.028,
five mass values for � = 11.5, and six mass values were
explored for � = 12.0. All the data and number of mea-
surements are presented in Table II.

VII. CALCULATION AND FITTING

The masses of the baryons are extracted from the long
Euclidean time behavior of the baryon two point function

MPS/MV = 0.55

MPS/MV = 0.70
MPS/MV = 0.77

MPS/MV = 1

↵ ⌘ v

mf

@mf (h)

@h

�����
h=v
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FIG. 3: Electric field strength dependence of extracted neutron parameters. The two different

field-correlated fits [I (left panels) and II (right panels)] are described in the text. The bands in
the plots reflect the total uncertainty.

ensemble, resulting fit parameters are averaged, and the uncertainties from fitting and boot-
strapping are added in quadrature. The same is done for the magnetic moment function, as
defined in Eq. (22). We find that the best fits result from taking µlatt

E = 0, and results quoted
for the neutron use this constraint. Furthermore we perform two different field-correlated
fits as follows: (I) a fit to all five field strengths using Eqs. (21) and (22), (II) the same fit
function but excluding the largest field strength for which the quality of fit to the correlation
functions is poor. Finally, to estimate the systematics due to the choice of fit window, we
performed uncorrelated fits to the electric field dependence of meson energies determined
on adjacent fit windows. We chose the nine fit windows obtained by varying the start and
end times by one unit in either direction. On each time window, we determined the elec-
tric polarizability and magnetic moment. The systematic uncertainty on these observables
due to the fit window is estimated as the standard deviation of the extracted observables
over the various adjacent windows. Details of the correlated electric field fits and extracted
parameters are tabulated in Table I.

From the extracted parameters, we can investigate the electric field dependence of the
energies and magnetic moment couplings. This is done in Fig. 3, where we plot the field
strength dependence of these quantities. The plots, moreover, show the results of the two
fits (I and II) to the electric field dependence. The values of the extracted parameters are
consistent with näıve expectations and it is useful to convert to physical units. Comparing
the fit function in Eq. (20) to the correlator in physical units, Eq. (9), we have

µ =
2e (atM)3

atMN

µlatt = 0.0313(7)× µlatt, (25)

with the physical mangetic moment, µ, given in units of nuclear magnetons, µN = e
2MN

,

where MN is the physical mass of the nucleon, and the uncertainty arises from scale setting.8

8 Without a factor of atM/atMN , the magnetic moment would be given in units of lattice nuclear mag-
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FIG. 2: Plots of correlated fits to the electric field dependence of neutral meson energies. For each
field strength, the bootstrap averaged energies are plotted with error bars reflecting the uncertainty

from statistics and fitting. Fits I and II to the E-dependence are also shown with the plotted bands
reflecting the uncertainty in the parameters appearing in Eq. (7).

From the extracted polarizabilities, we can investigate the electric field dependence of
meson energies. This is done in Fig. 2 for the neutral pion and neutral kaon. For the con-
nected part of the neutral pion, we see downward curvature of the energy with respect to
increasing E , while for the neutral kaon the energy is comparatively quite flat. In physical
units, the polarizabilities απ0

E , and αK0

E , are not consistent with näıve expectations. To at-
tempt a qualitative explanation for the size of the ground state polarizabilities, we compare
our results with predictions from chiral perturbation theory. The neutral pion electric polar-
izability at one-loop is negative [34, 35]. While this is surprising, the one-loop polarizability
arises solely from the disconnected contraction between quark basis ηu and ηd mesons [11].
Hence the negative sign owes to group theory weight of ηu versus ηd in the pion interpolating
field, π0 ∼ 1√

2
(ηu − ηd). As we have only calculated the connected part of the correlator,

chiral perturbation theory suggests that απ0

E is an order of magnitude smaller than the näıve
expectation. While our result is of this magnitude, it is of the wrong sign (the average of
ηu and ηd polarizabilities should be positive). This negative value could arise from volume
effects, which are known to be non-vanishing at next-to-leading order in chiral perturbation
theory [23]. For the neutral kaon polarizability, the one-loop chiral computation vanishes,
even with electrically neutral sea quarks [12]. Our extracted neutral kaon polarizability,
however, is smaller than typical two-loop contributions. Because the dominant volume cor-
rections arise from pion loops, we expect the neutral pion and kaon volume effects to be
of the same size. If the negative result for the connected π0 is due to volume corrections,
then the near vanishing result for the K0 could be due to a near cancelation between the
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Neutron (Detmold, Tiburzi, Walker-Loud, 2010) Neutral Kaon (Detmold, Tiburzi, Walker-Loud, 2009)



Backup



Onwards and downwards

(Blair Edwards Presentation- Lattice Meets Experiment 2013)



Sensitivity progress past, present and future

Selected experiments - 
courtesy of M. Witherell

Past results Future sensitivities

(Blair Edwards Presentation- Lattice Meets Experiment 2013)
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Intermed. lattice spacing
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 Assume a Dirac particle with net Z-boson charge

Tight Constraints?

⇥SI ⇡ 2

�
G2

Fm
2
N
N̄2

A2
⇡ N̄2

A2
(3⇥ 10�38 cm2)

N̄2

A2
⇠ 1

4

Current spin-independent bounds: � . 10�45 cm2

Excludes particles of this kind to

masses greater than thousands of TeV

Neutralinos avoid this: Majorana Spin-Dependent

This will plague composites with odd numbers of EW doublets!



Thermal vs. asymmetric
However:

Asymmetric relic density	


suggests negligible thermal abundance

Small

Thermal


Abundance

Large

Annihilation


rate
Strong


Couplings

Tricky to achieve for perturbative, elementary DM

Strongly-coupled composite theories most 
interesting...

...this is where the lattice can play significant role!



particular model

Kinetic:

rµ
L = @µ + igAa,µ(⌧aL/2)

(rµ
L)

⇤ = @µ � igAa,µ(⌧aL/2)

rµ
R = @µ + ig0Bµ(⌧3R/2)

(rµ
R)

⇤ = @µ � ig0Bµ(⌧3R/2)

Four Dirac Flavors with 
vector-like masses	



Left/Right	


Different
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particular model

Masses:

Four Dirac Flavors with 
vector-like masses	
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Chiral

Vector-like
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